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TR’O-DIMENS1ONALWIC?D-TUNT?ELINVESTIGATION OF SEAIE3

0.22-ALRFOIL-CHORD INTERNALLY BALANCED AILERONS 03’

DIFFER@NT CONTOUR ON AN NACA 6~(u2) -213 ~~

By Albert L. Braslow

SUWZIY

A tw-bensional wind-tunnel lnvestigat~on was made
twa intez1chan3eablesealed O. 22-airfoil-chorL in>er&3.ly
balence& aile~ons cn an NACA 65(~w) -2L3 airfoil. One of
ailerons tested w-esof tl’ueairfo~ilcon~our and”the other
modifled by partly eliminating the cusp near the tq~ng

of

the

was ‘--
edge.

Tests were mate to determine the effec’t of the aileron ctitoti , ~
modification on the section aerodynamic characteristics of ‘ths
ai~f~il ~ aile~on. .-

The results of the investigation indicated that the —
modification to the aileron contcnm caused the aileron effective=
ness to increase slightly at low aileron deflections end to .
decrease sli.glltlyat large aileron deflect:one; caused the rate
of change of aileron section hinge-no~ent.coefficient with both
section angle of attac’kan~ atleron deflection to +ac~ease
positively; caused little change in the hinge-moment parameter
for a given rate of roll at the low a~leron deflections-but q“ . _
increase in the hinge-moment parameter fol”a giv& -rateof
roll au the high ai16ron deflectims; cause& no appreciable
change in the section drag coefficient, rate of change of
Sectl.oil lift coefficient with sectian em@e of attack, and air-
foil critical Nmch number; end caused an increase of approxi-
mately 9 percent in the maxi,mm section lift coefficient of the
airfoil with the ailerons neutral. The application of st&ard ‘-- ‘-
rou@ness +i the leading ed~.of @e ai.tioilincreaeed posi*i~elY-
the rate of chemge of aileron section kin&e-mom&m.tco”6ffYci~t
with both section angle of attack and aileron deflection,-decrease~
the aileron effectiveness throughout the @.Jeron deflect.i~
range, emd caused a smaller chenge in the hinge-momen~_par~eter ‘-

.—

for the true-contow+ aileron at any given rate of rcll than for
.

the modified aileron. Aileron deflections of -30 and 3° were
found to have no significant effect bn the airfoil criticel

—

Maoh number at the desi~ section ltft coefficient.



IW3ATN NO. 1Q99

JIVIROD’UCTION

Thickenin~ the cusped tm.iling edge of low-dr~ ailWOih iS

sometizms desirable, mainly for structural reasons. EnGu@ expcmi-
r.m.taldata are not available at present to show how to thicken
the cusp ta Ieat advantage, but a method of thickening this part
@ tinealrfo~1 by straight-line fairings has been shown during
pw?vious nmresti~ations to alter the aerodynamic chmacteriatics
of some low-drag airfoils. In an attempt to keep chsnges in the
aerodynenic characteristics at a minimum, a compromise modification
was made to the cusp of an NACA 61j~2)-213 afr~oil by retaining

ithe original airfoil mean line whi e fairing out the upper surface
to a straight line.

Tho effect of the contour modification on the aileron
effectiveness end hinge moments and on the airfoil drag cham.cteriatics
and critical Mach nmnber were determined froman investigation in
the Lmgley twin-dimensionallow-turbulence pressure tunnel of the
lWK!A65[112

1
-21.3airfoil equipped wtth @ interchangeable m?aled

0.22-airfoi -chord internally balanced ailerons; one of true airfoil
contour and one of the modified contour. Tests were mado with the
airfoil surfaces aerodynamically smooth ond wfltistandard roughness
applied to the leading e~e. In addition, the differential pressures
across the aileron seals were o?rk.inedfm- use in estimat~ the
hinge-moment characterimbics of the ailerons Wth any smoun% of
sealed internal balmce.

COE3T’ICIET7TSA.110SYMBOLS

The coefficients end symbols used in the presarbation of
results are defined as follo%:s:

C2 airfoil Gection llft coefficient (Z/qoc)

%= airfoil maximum secticn lift–co~ffictent

cd airfoil section drag co@ficient (d/qoc)

Ap/~ seal-pressure-differencecoefficient; positive when
pressure below seal is greater than pressure above seal

Ch aileron section hinge-nmment coefficient based on aileron
chord (h/~ca?)

CH aileron section hinge-moment coefficient basml on airfoil
chord (h/qoc~) ,

9
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s

where

z

d

h

c

Ca

~.

-v,0

P.

Ho

P

a.

se

cb

R

%

airfoil pressure coefficient
0

M
%

airfoil lift per unit span

airfoil drag per tit spsn . .

aQeron hinge monent per unit span; positive when
traillng edge of aileron tends tc deflect do~mward

chord of airfoil with aileron neutral

chord of aile_ronbehind hinge axis

free-stream

free-stresm

free-stream

free-stream

dynamic pressure
()

1“V2
Po o

~e~ocity

density

total pressure

.-

.-

local static pressure

airfoil section angle of attack, degrees

aileron deflection vith respect to airfoil, degrees;
positive when trafling edge is deflected dowmm

—.

chord of overhang from aileron hinge axis to middle of .
gap seal

Reynolds number

airfoil critical Mach number .—

—
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(~)aileron section effectiveness parsmeter ~
ac

a
increment of airfoil sec%icm angle of attack

increment of ailercn deflection

aileron secticn effectiveness parameter; ratio of
increment of aizfoil section angle of attack to
increment of aileron deflection required to maintain
constanf isectionlift coefficient

total dch/d6a in steeiiyroll

aileron response paremeter

increment of aileron section hinge-moment coefficient
duc3to aileron deflection at conwbant section engle
of attack

increment of aileron section hinge-moment coefficient
due to change in section angle of attack at conwhmt
aileron deflection

increment of total aileron section hinge-moment
coefficient In steady roll

aileron section hinge-moment parameter

The su%ecripts to partial derivatives dermte the variables
held constant when.the partial derivatives are measured, The
d.erivatlvesare mea~dred atvzero angle of attack and zero
ailerm deflecticm.

.

.
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MODEL —

The rmdel had a 2k-inch chorl end was constructed.of
leminated mahogsny with the exception of the interch~eable
allerona, which were c~~tr~ted of cast ~l~n~. The two
ailerons tested, which h&d chords of 0.22c and sealed internal
balances of approximate 0.33ca, differed only in contour.
One was of true airfotl contow- (NACA 65(H2)-213) and the

other was mdified by the psztie.1elimination of’the cusp near
the trailing edge. The modification consisted of fairing out
the upper-surface cusp near the trailing edge with a straight
line frcm a point 0.133c alove the trailing edge tangent to
Vie airfoil contour and mdifying the lower surface so as to
retain the trig.inslairfoil.mean line. Ordinates of the basic
NACA 65(ti2)-~3 airfoil section ere ’givenin table I and the

crdinakes for the L-ear30 percent of the modified airfoil are
@~en in tak~e ~. S’ketchesof the tl.matierans me @ven
a% figure i. Rubber seals were used elong the complete sp=m
and at both ends of the ailerons to stop the flow of air through

.

the gaps.

For the smooth condition of the model, the airfoil surfaces
were sanded with No. kOO car%o~~lndmnpaper to produce an aezm-
dynemlcdly emmth finfsh. For the standard airfoil leading-
edge rcu@n9se condition, the model surfaces were ae~c~~ ._
smooth exce-fithat O.011-inch carborundwn gratis Were applied
to each afrfoil surface at the leading edge over a svrfaoe
length of 0.08c measured from the leading edge (reference 1).

APPfYRATusAm) TEsTs .—

Tests of the model wfltheach of the two ailerons were
made in the Le.n@ey two-dimensional low-turbulence-pressure
tunnel. The tests Included measurements at a Reynolds

-.

number of 8 x 106 of airfoil lift end dragl aileron hinge
moment, and bslace p~esslxrefor the aerodynamically smooth
model with various deflections of each-aileron. Airfoil lift,
aileron hinge-moment, and balance-pressure chaacte istics

~were S2S0 determined at a Reymolds number of 8 x I-0 for the
model %tithstendard roughness applied to the leading edge and
with various deflections of each aileron. With each aileron
neutral, lift end ikcagmemurementa were tie of th~ model both
in en aerodynemice.llysmooth condition end with standard le g-

9edge roughness at Reynolds numbers of 2 x 106, 6 x 106, 8 x 10 ,

5
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and 9 ‘x106, corresponding to Mach numbe~s of
and 0.17, respectively. k addition, airfoil

0.15, 0.14, 0.15,
surface presmuws

were mea&re& f~om the leadhg edge to 0.70c a.ta Reynolds

a

r

num%er of’8 x 106 thro@ an appromte range of section lift
coefficient from .0.5 to 1.0 with the ailercns neutral and at
the design section lift coefficient of 0.20 with the ailerons
deflected -3° and 3°. —

Lift and drag measurements were made by the methods briefly
described in reference 1. Airfoil e~face pressures end the
pressure difference across the ajlezmn seals were measured with
etati.c-Treseureorifices located along both airfoti surfaoes and
in the chmnber above and below the aileron balance plate.
Aileron hinge-moment measurements were made with a pressure-
bellows balance.

The following factors mre applied to correct the tunnel
data to free-air conclitions:

.

A

where the primed wentitiee remresent the values measured in
the tunnel-(refer&ce 1).

XESULTS

The basic section lift,

AND DISCUSEZOH

drag, hinge-moment, and balance-
pressure data are presented-in figures 2 to 6 for the true-
contour aileron and in figures 7 to 11 for the modified aileron.
These figures include data for the airfofl with aerodynamically
smooth surfaces and with standafi.roughnessapplied to the hwding
edge. T&.discussion of ~he data refers to that obtained at a
Remolds

The

number of 8 x 106 unless otherwiue stated,
—

Aileron Effectiveness P

effects of the aileron contour modification on the ,
aileron section effectiveness parameter ~ end on CZ5 are ;

6
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shown in ta%le III and curves of. a. against aa at a con8tant

cl of 0.20 are shorn in fi~e 12. For the airfoil in an
aerod.ynemfcallysmooth condition, the effectiveness parsmeter ~
is slightly great.exfor the m@ifled ailergn than .$grthe true- .____ ._
corrhu” aileron. The mlues’ Of ~ for the modified and true-
con+xmr ailerons are 97 percent and 9L percent, respectively,
of the thin+irfoil theoretical effectiveness (reference 2) emd
17 pement end 12 percent, respectively, grea’~r th~ the value
(-O.H) ) obtained on the NACA 0009 airfoil section (reference 3).
Stsmdard airfoil leading-edge roughness cawed a larger adTerse
effect on the effectiveness of the modif?.edaileron than on the
effectiveness of tiletrue-contour aileron.

In order to show the veriation of the aileron effectiveness
with lift coefficient “sndaileron deflection, values of the
effectiveness have been measured between definite aileron
deflections at a constant section lift coefficient.end are
designated [bol~a~cl. .~~uee of (/&Lo A5 \

aJc7.
are shown

plotted against section lift coefficient in fi&re 13 for alleron-
deFlection limits of *lOo end A20°. me effectiveness of the
mmiified aileron is slightly greater tlhanthat of the true-contour
aileron on the aerodynamically smooth airfoil when measured
letween aileron deflections of’-10° and 10°. An increase in
the aileron-deflecti~n Limits to -20° and ~“ causes a larger
reduction in the effectiveness of the modified than of the true-
conlmur aileron with the result that the true-contour aileron
is slightly more effective at the high aileron deflections. For
the airfoil with standard roughness applied to the leading edge,
the velues of (%/~a)cl for the true-contour aileron were higher

then for the modified ail&on.when measured between aileron
deflections of both&lOO and ~“.

Aileron Hinge Moments

The a.lleronhinge moments and balance pressureg wB~e
measuzzed.when the airfoil angle of attack ~ was both incr8a&d~
and decreased. The ~dues of ch end Ap/~ were generally
found to be more positive for increasing than for decreasing
sngles of attack. The total mrlation usually smounted to less
then 0.006 end 0.06 for Ch and Ap/~, respectively. It is

felt reasonably certati that this difference in the-values of ch
end Ap/~ was caused by a lag In aileron se%ting as the angle of
attack was changed due to the method used in attaching the ailerons
to the pressure-bellows balance and also by friction in the
control-surface and hinge-moment balance bearings. Average velues

7
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of the section hinge-nmmmxt coefficient and seal-premmxce-
difference coefficient are used, therefore, In the presentation
of results.

section characteristics.-The variation of aileron
section hinge-moment coefficient Ch @ seal-pressure-difference
coefficient Ap/~ with aj.rfoi.lsection angle df attack ~
are presented in figures 5 and 6 for tine-&ue-contmur aileron
and in figure~ 10 and 11 for the modified aileron. The irregn-
hvitie~ that occur in the variation of ch %ith a. fOr the
smooth airfoil correspond to the limits of the low-drag range
as shown in figures 3SJXI 8. Similar irr@jularitiesheve been
noted during other two-dimensional investigations of control
surfaces (for example, reference h) end are believed to be
caused by the sudden movements in tmensition along the airfoil
surfaces at tideextremities of the low-drag rsmge. Reference 4
imdicatea that no unusual aileron stick-fmrce characteristics
will be caused by the sudden changes in the twm-dtiensional
hinge-moment cceffictents. The addition of standard rouglness
to the airfoil leading edge ql~natefl the lrregul.sritiesas
shown in ftgures 5(b).and.10(b).

on the mnooth and rough airfoils are given @ table III. The
modification to the aileron contour Oi+standard airfoil leadlng-
edge roughness caused small posi%ive increases in Ioth Ch

and ch~. The variation of Ch end Ap/~ with ~a at aa

constant-section lift coefficient of 0.20 is presented in figure 12.

The basic section hinge-moment and lmlance-pressuro.dataof
figures 5, 6, 10, and II may be
hinge-moment characteristics of
chord with any amount of seeled
given in reference 5.

Rasis f r commao risen.- The
aileron is operating is altered

used to estimate the section
ailerons oflsimilar contour anfl
internal kmlance by the method

.

meem angle “ofattack at whfch an
by the rate of roll. The effect

of the change in engle of ‘attackon the aileron hinge-mment
characteristicsmust be taken into account for comparison of
ailerons frcm section data. This correction is ueually made by
use of the constent-lift concept, in which the assmnptlon is
made that the afleron part of the ~~ acts at conetant lift
during steady roll. The rate of chmge of the section hinge-
moment coefficient with aileron deflection in steady roll is
then given by the equation

(1)

.

b

x

.
E

8
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British research, however, has Indicated that the parameter c%
is overstressed in the constant-lift concept snd that a more
accurate equation is

(2)

where n is a response paremeter dependent upon the aileron
dimensions, win= aspect ratio and taper, end ~anwise location
of the aileron. A typical value of ~ equal to 0.2, is gtven
In a Brfti~h paper of limited.distribution but more recent
NACA data iniktcatethat a more suttable velue of I-Ifor the
atlerons of a modern fighter-t~e airplene is 0.27, and that
velue has been used in the present smil.ysis. Equation (2) is
inadequate for determining the three-dimensional aileron
characteristics, but it may le used for comparing the twa ailerons
of different contour. In order to apply equation (2) to non- .
linear curwa It has been converted to increments of the tatal.
aileron section hinge-moment coefficient in steady’roll by

%= @Y f”h)6 ~- G;=a Y&]] (3)
! f ,_

J.

The method of analysis is the seineas that used.in reference 6.

:ELThe hinge-moment paremeter which is the ratio of the
&/&a’

increment of section hinge-moment coefficient in steady roll to
the aileron effectiveness, is plotted against the equivalent chsnge
in section angle of attack ho required to maintain a constant
section lfft coefficient for various deflections of the aileron
from neutral. This method of analysis takes into account
the a~leron effectiveness and hinge moment -d the possible
mechanical advant~e between the controls and the ailerons. The
aileron spsn and possi%le thzzee-dimensional-floweffects are not
considered except as indicated in equation (3). The @ler tie ...
vslue of the hinge-moment parsmeter for a given value of ~,
the more advantageous the co?nbinationshould be for providing a
lowmr control force for a given value of the wing-tip helix angle.

-&tleroncomparison.-Values of the hinge-moment>ammeter
ACHT
—— are plotted.against & in figure 14 for each aileron
&/ASa

9



on the airfoil in a smooth condition and with stan~d roughness
applied ta the leading edge. For the snmoth airfoil, both ailerons
should provide about the mme control force at low aileron
defle~tions. The true-contour aileron should provide the lower
control force at hi@ aileron deflections for the airfoil in a
smooth condition end through the entire range of deflection
tested for the airfoil with standard lead@-edCe rou@Mss.
Although the application of standard roughness .genorallycauses
the value of the hinge-momsnt p~ameter to incraase slightly for
my given value of &o (fQ. 14), the control force for the
true-contour aileron would change less with chemges in the surface
condition of the wing, as cen be seen from a comparison of the

values of * for the ~~oth airfoil ~fltl~those for the
&%/A~a

airfoil ktithstandard leading-edge rotuj!hnese.

Lift

The modification to the aileron contour or standard airfoil
leading-edge roughnesu had no effect on the airfoil lift-curve
slope with the aileron neutral as shown in table III. The value
of Cz is equal to 0.104 for sll conditions.

a
A comparison of figures 2 and 7 shows that the aileron

centaur modification increases appreciably the maximum section
lift coefficient CZ of the airfoil in a mnooth condition.

With the ailerons nm.ztraltho centaur modification increases the
value of Czmu from 1.37 for the true-contour aileron b 1.49.

For the airfoil with stsndard lead~-edge roughness, the aileron
contour modification causes no significant change in c1 ,

The reduction in the value of c% caused by standardm!&ading-

odge roughness is similar to the decrease found fc!rother I?ACA65-
series airfoils of comparable thickness (reference 1).

The effect of Reynolds nwn%erhe&een 2x 1C16and 9 x 106
on the section lift characteristics of the airfoil in the mooth
and rough conditimm is shown in figures 4 and 9 for the neutral
position of the true-contour and modified ailerons, respectively.
Similar effect~ of Reynolds number are noted for the two ailerons.

‘i

. .

An increase in Reynolds number from 2 x 106 to 6 x 106 causes a
lmge increase in maxhmm section lift coefficient for the smooth
airfoil; however, a further increase in Reynolds number to 9 x 106
cavses no appreciable cll~e, For the airfoil with standard

P

leading-edge rou@ness, Reynolds number through the range investigated
has no significant effect on the value of CZM. .

k

10
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.

d

.

.

.

Drag

The aileron contcnr mxlification has no si@.ificmt effect
on the mootin airfoil section drag characteristics except at an
aileron deflection of 20° as can be seen by comparing figure 3
for the true-contour aileron with figure 8 for the modified
aileron. The values of the section drag coefficients for the
20° deflection of the modified allez’onare doubtful, hci?ever,-
because of pro%able cross-flow along the span of the model. With
the exception of the !20°deflection, a low-drag “bucket” was
realize& at &l.1deflections of bet??ailerms.

The qffect of increasing the Reynol?isnmher from 2 x 106

to 9 x 106 was nbrmel, that is, the value of the minimum section
drag coefficient and the range of section li$’tcoefficient for
low-dr~ values decreased mlth increasing Re=molclsnumber (figs. 4
and 9). The increase in the values of cd caused by stenderd
airfoil leading-edge rouglrness-(fi.gs.4 end 9) ie shuilar to that
of other NACA 65-se-:iesairfoils of comparable thicknese
(reference 1).

The pressure coefficients over both airfoil s~aces from
the leading edge to 0.70c are presented in figux% 15 throv@ q.n “ ‘–—
approximate range of section lift coefflc+ent L%3n ~0.5 ti 1.0
for the airfoil with a neutral position of both %he-true-contour
and modified ailerons. The variatl?n of airfoil critical.~h -
nrunber Mcr, estimated by von K&man$s method’from the .e~erhnen’tsi.
surface pressures (reference 7), with section lift coefficient is
presented in figure 16. ‘Themodification to the aileron contour
had very little effect on the values of Mcr. Theoretical values
of I&l. for the NACA 65(U2)-~3 airfoiJ.section, cticulated by
the metho~s of reference 1, are also presented in figure 16. G@
agreement exists between the values of Mcv predicted from theo~
end from the experimental data In the range of section lift coeffic-
ient for high critical Mach number and low drag. -.

The chordwise vazziationof airfoil.p~esmre coefficient at
approximately the desigu section lift coefficient of 0.20 is
~~sented in figure 17 for the airfoil ‘witheach ailercn deflected

-J> 0°, and 30..~ecause the value of Mcr is a direct function

of the peak pressure on the airfoil surface, the close agreement
in the pedc values,of S for the aileron deflections tested
indicate a ne~egi%le effect of an aileron deflection of -3° or 3°

.-

--

11
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on the airfoil critical Mach number at a constant section lfft
coefficient of 0.20,

CONCLUSIONS

A two-dimensional wind-tunnel investigation was mado of
m NACA 65(U2)-=3 airfoil equipped with two interchangeable
sealed 0.22-airfoil-chord internally balanced ailerons of
different contour. One of the silo.sonstested was of true airfoil
contour and the other was modified by the par%ld elimination
of the cusp near the trailing edge. The data obtained indicated
the following conclusions:

1. Modification of aileron contour cawed

(a) The aileron effectiveness to incnoase slightly at
low aileron deflections end to decrease slightly at high
aileron deflectimw

(h) The rate of change of aileron section hinge-moment
coefficient kclthloth eection sngle of atiack and aileron
deflection to increase positively

(c) Little change In the hinge-momsnt parsmeter for
a given rate of roll at the low aileron doflectlons but
an increase in the hinge-moment parsmetor for a $iven rate
of roll at the high aileron deflections

(d) No appreciable change in the section drag coeffi-
cient, rate of change of section lift cceffictent with
section angle of attack, and airfoil critical-Machnumber

(e) An increase of approximately 9 percent in the
maximum section llft coefficient of the airfoil with the
ailerons neutral

2. The application of s%ndani roughness to the leading
edge of the ai&foiZ “

(a) Increased positively the rate of chewy of edleron
section hinge-moment coefficient with both section angle of
attack and aileron

(b) Decreased
afleron deflection

deflection

the aileron effectiveness
range

12

throughout the

,

.
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(c) Caused a smaller chemge in the hinge-moment
parameter for the true-contour aileron at my given rate
of roll than for tho modified aileron

3 Aileron deflections of -3° and 3° had no significant
effect on the airfoil critical Mach number at the design section
lift coefficient of 0.20.

Lsngley Memorial Aezonauticed.Laboratory
Nationsl Advisory Comnittee for Aeronautics

LsngLey Field, Va , March 1, 1946
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TABLE I

15

ORDINATES FOR NACA 65(1,2)-213AIRFoILS=mm
\-—#

~tations and ordinates given in percent
of airfoil chord]

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
.
.
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b

.
TABLE II

ORDINA~S FOR REAR 30 PERCENT
NACA 65(112)-213 AIRFOIL

OF MODIFIED
SECTION

ktations and ordinates““givenin
percent of airfoil chordl

Station Ordinate

Upper surface I Lower surface

70.000

i
5.000
0.000

8 .000
a9 .000

95.000
100 ● 000

5.029 -3.058
-2.42

y: -1*79 2
-1.23

1:77; -.70 3

2%3
-.300

. -.133

TABLE III

SECTION PARAMETERS MEASURED AT CCo= 0° AND 5a = 0° FOR R = 8 X 106

Surfaoe Cz %5 a6 oh ch
(1) a a 8 Pa ‘6

True-contouraileron

Smooth 0.104 0.059 -0.540 -0.0038 -0.0081 0.036 0.095

Rough ● 104 .053 -.505 -.0035 -.0067 .029 .086

Modified aileron

Smooth 0.104 0.060 -0.560 -0.0031 -0.0077 0.042 0.082

Rough ● 104 .051 -.490 -.0027 -.0065 .029 .073

1 “Smoothn and “Roughh refer to the airfo’ilwith aerodynamically
smooth surfaces and with standard leading-edgeroughness.
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NACA TN No. 1099 Fig. 10a
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Fig. 10b NACA TN No. 1099
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Fig. 12a NACA TN No, 1099
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NACA TN No. 1099 Fig. 14a,b
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Figure 16,- Variation of predicted critical Mach nunber
with low-speed seotion lift Coefficient for an
NACA 65 112)-213 airfoil section equipped with a
sealed A.22c internally balanced aileron. C5a=OO.
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